Acute pancreatitis is associated with alcohol abuse, gallstones and bacterial infection. Its basic cause is tissue destruction accompanied by an innate immune response, which induces epithelial stress pathways. Recent studies have focused on some of the integral cellular pathways shared between multiple pancreatitis models that also suggest new approaches to detection and treatment.
INTRODUCTION
Acute pancreatitis, the sudden inflammation of the pancreas, is the most common cause of digestive system related hospitalization in the United States [1] . Acute pancreatitis ranges in severity from mild interstitial pancreatitis to a more severe condition associated with rampant necrosis and concomitant multiorgan failure. Symptoms may include intense abdominal pain together with increase in circulating digestive enzymes, a result of pancreatic acinar cell damage and death. The onset of acute pancreatitis is commonly associated with alcohol abuse or ductal obstruction caused by gallstones, with 30% of cases remaining idiopathic in nature [2, 3] . Although a potentially deadly disease on its own, multiple bouts of acute pancreatitis can lead to unresolvable chronic pancreatitis, which is in turn a risk factor for the formation of pancreas cancer [2] .
Several animal models of acute pancreatitis have been utilized over the last few decades to elucidate the cellular pathways whose dysregulation contributes to acute pancreatitis in human patients. For instance, chronic alcohol feeding on its own is not sufficient to induce pancreatitis in rodents, consistent with a low incidence of alcoholics developing pancreatitis [4, 5] . However, alcohol sensitizes the pancreas to a subsequent insult, such as exposure to bacterial lipopolysaccharide (LPS), high-fat diet or the pancreatic secretagogue cerulein [6] [7] [8] . A major contribution of chronic alcohol abuse appears to be the induction of endoplasmic reticulum (ER) and oxidative stress on the pancreatic acinar cell that can lead to an induction of autophagy [9] .
Macroautophagy (henceforth, 'autophagy') is a process by which damaged organelles and large molecules are destroyed, as a mechanism to both relieve cellular stress and to provide nutrients to aid in cell survival [10] . The process involves the formation of an 'autophagosome' to which accumulated dysfunctional cargo are delivered. The final stage of autophagy involves the fusion of the autophagosome with the lysosome in which the contents are degraded to their molecular components and recycled. In some situations, however, the 'autophagic flux' is impaired; that is, autophagy has commenced, but the contents of the autophagosome are not degraded because of lysosomal dysfunction or a failure of autophagosome or lysosome fusion [11] . This could lead to the accumulation of defective organelles and misfolded proteins. Defective autophagic flux is a common observation in experimental pancreatitis and is responsible for intracellular digestive enzyme activation [11] . This inadvertent activation of destructive enzymes had been hypothesized to lead to parenchymal autodigestion and cell death. Recent evidence has suggested that premature activation of digestive enzymes does increase cellular damage, but is neither necessary nor sufficient to induce pancreatitis [12] .
This article reviews recent studies that have reinforced the importance of these stress pathways, together with activation of proinflammatory signaling originating from damaged acinar cells. Molecules that are hallmarks and drivers of acute pancreatitis have been explored, suggesting new therapeutic options. Finally, mouse models of pancreatitis induced by Salmonella infection have been developed.
ENDOPLASMIC RETICULUM STRESS AND AUTOPHAGY
Experimental pancreatitis in mouse models has established a connection between pancreatitis and the induction of an autophagic response that has impaired autophagic flux [13, 14] . This defective autophagic response has been experimentally linked to the intracellular activation of trypsinogen [11] , which was thought to be the primary mechanism of the onset of acute pancreatitis. However, mice with genetic trypsinogen ablation are still susceptible to acute pancreatitis, although they are more protected from acinar cell damage [12] . Cellular debris resulting from a necrotic response was once thought to be a primary incitement for the inflammatory response, although now this is more likely a result of other pathways within the epithelium that control cytokine production from the acinar cells, including nuclear factor kappa B (NFkB) [15] and epidermal growth factor receptor (EGFR) [16] .
This leaves the question of whether defective autophagy plays a different active role in pancreatitis onset or if it, too, is merely a symptom of the disease. A probable answer to this question comes from Karin et al. who created a mouse model in which inhibitor of kappa-B kinase alpha (IKKa) is genetically ablated from the pancreas [17] . IKKs are major regulators of the NFkB pathway, which has been repeatedly linked to pancreatitis [18] [19] [20] [21] . IKKa knockout mice develop an acute pancreatitis phenotype marked by a significant increase in serum lipase and amylase, but with no significant change in trypsin activation in the tissue, reinforcing that promiscuous trypsin activity is not necessary for pancreatitis onset. Instead, acinar cells in the IKKa mutant mice die via apoptosis together with compensatory regenerative and an inflammatory response [17] . Eventually, the mice progress to a chronic pancreatitis phenotype. Surprisingly, pancreatitis induced by ablation of IKKa is independent of both its kinase activity and regulation of NFkB signaling. Instead, IKKa ablation induces autophagy with a defective autophagic flux, presumably because of a previously undiscovered function of the IKKa protein in complex with the autophagy regulator ATG16L2 [17] . p62 is a chaperone protein that brings ubiquitinated cargo to the autophagosome for destruction and, in the process, is degraded itself. Impaired autophagic flux in IKKa mutant mice causes the accumulation of p62 and its ubiquitinated cargo, which together form protein aggregates. Interestingly, genetic ablation of p62 from the IKKa null background relieves the ER and oxidative stress as well as the pancreatitis phenotype, suggesting that p62 aggregates play an active role in inducing pancreatitis. Importantly, both IKKa loss and p62 accumulation was noted in human chronic pancreatitis samples, suggesting that this pathway may be relevant to the onset of pancreatitis in patients. Together with numerous
KEY POINTS
Defective autophagic flux in acinar cells is associated with most pancreatitis models.
TLR4 or NFkB signaling in macrophages is complicit in pancreatitis initiation.
TLR4 signaling is a viable therapeutic target for pancreatitis treatment.
Although bacterial lipopolysaccharide can exacerbate, but not initiate, pancreatitis in mouse models, Salmonella infection alone is sufficient to induce the disease.
other studies implicating defective autophagic flux in pancreatitis onset, this study strongly suggests that p62 accumulation may be the primary causation in these models as well. This and other studies examining known and novel autophagy-associated proteins suggest a variety of potential biomarkers for pancreatitis assessment [22] .
In a study suggestive of a new target for pancreatitis treatment, T-cell protein tyrosine phosphatase (TCPTP) is found to be induced in acinar cells during acute pancreatitis [23] . Genetic ablation of TCPTP reduced the severity of acute pancreatitis as measured by serum levels of digestive enzymes. TCPTP ablation also abrogated the induction of NFkB activity and expression of proinflammatory cytokines. In the course of examining the NFkB pathway, this study also shows that cerulein treatment induces both the expression and phosphorylation of IKKa, both of which are abrogated in the TCPTP knockout background. Significantly, TCPTP knockout animals also show decreased ER stress and cell death response [23] , implicating some of the same pathways as the IKKa knockout study.
The common links of cellular stress and an induced autophagic response in pancreatitis models raises the question, what the relevant effects of these responses are to disease onset and progression. Impaired autophagic flux has been implicated in increasing the inflammatory response [14] . The strong association between autophagy and pancreatitis suggests that activation of the process should be examined regardless of the inciting agent. For instance, it was recently shown that low extracellular pH sensitizes acinar cells to cerulein-induced damage by inducing an autophagic process that leads to the degradation of connexin 32 (Cx32) [24] , a protective gap junctional channel protein.
The importance of autophagy in the induction of pancreatitis is still being examined, with each new finding leading to new potential methods to manage this disease.
TOLL-LIKE RECEPTOR ACTIVATION AND BACTERIAL INFECTION
Bacterial infection has been implicated repeatedly in acute pancreatitis onset [25] . Infection has also been implicated in alcoholic pancreatitis as LPS levels are often elevated in the serum of chronic alcoholics [26] . LPS signals through the toll-like receptors (TLRs) which can activate proinflammatory responses in part by activating caspase-1 release of IL1b and the NFkB pathway [27, 28] . The most prominent TLR-induced response originates from the inflammatory cells, inducing a macrophage influx into the pancreas and other organs. However, acinar cells are also known to express TLRs and to respond to LPS [29, 30] . Treatment of mice with bacterial LPS has been shown to be insufficient to induce pancreatitis in animals, although it can contribute to pancreatitis onset when combined with other stimuli, including alcohol or cerulein administration [6, 8] . In a study of LPS or cerulein-induced acute pancreatitis, Hoque et al. [28] demonstrate that treatment with lactate abrogates TLR4 signaling in macrophages via activation of the G-proteincoupled receptor GPR81. Most importantly, lactate treatment of mice after the incitement of pancreatic damage very effectively reduces acinar cell necrosis and tissue inflammation, strongly suggesting lactate as an effective treatment of acute pancreatitis, a notion supported by recent clinical trials [31, 32] .
In a similar study, Xue and Habtezion [33] found that the administration of the carbon monoxide releasing molecule-2 (CORM-2) was able to strongly ameliorate both cerulein-induced acute pancreatitis and choline-deficient diet supplemented with ethanolamine (CDE)-induced hemorrhagic acute pancreatitis, after the onset of damage. Impressively, CORM-2 treatment virtually eliminated the morbidity and extensive lung damage induced by the CDE diet, in addition to blocking progressive pancreatic damage. Similar to lactate, CORM-2 blocked TLR4 activation on macrophages by LPS in vitro. Furthermore, CORM-2 treatment reduced TLR4 or myeloid differentiation protein-2 (MD2) (which together constitute the active TLR signaling receptor) expression on the cell surface in vitro and after acute pancreatitis onset in vivo. Bone marrow transplant of wild-type mice with TLR4 knockout bone marrow protected wild-type mice from cerulein-induced pancreatitis and CORM-2 treatment did not increase protection from damage in the transplanted mice, suggesting that inflammatory cell TLR4 is the relevant target for CORM-2. Using this knowledge and recognizing the potential toxicity of systemic administration of CORM-2 to pancreatitis patients, the authors then demonstrate that CORM-2 primed Cd11bþ cells (monocytes or macrophages) protected against cerulein-induced acute pancreatitis when adoptively transferred in the course of cerulein treatments.
Although LPS treatment usually requires an additional stimulant to induce pancreatitis, two recent studies, including one from our laboratory, show that live bacterial infection is sufficient to induce pancreatitis in mice [34, 35] . Both studies demonstrate that acute and sustained Salmonellae infection can initiate a systemic and complex inflammatory response, leading to acute and chronic pancreatitis phenotypes, respectively. Both studies also show that the bacteria can directly colonize the pancreas, and can invade acinar cells. Interestingly, Gonzalez-Escobedo et al. [35] show that Salmonellae biofilms can associate with gallstones for up to a year in mice. It is tempting to hypothesize that this persistent infection may contribute directly to the connection between gallstones and pancreatitis, in addition to damage caused by ductal obstruction.
One major difference between live bacterial infection and LPS treatment is the inflammatory response elicited by the two treatments. LPS induces only a minor neutrophil response, whereas live bacterial infection is accompanied by a robust neutrophil response [34] , possibly in the response to the direct colonization of the tissue by the bacteria. Neutrophils are well known to cause oxidative stress in the parenchymal tissues they infiltrate [36] , possibly mimicking the ER and oxidative stress induced by chronic alcohol feeding or cerulein treatment needed to complement LPS activation of TLR4. The inflammatory response also includes macrophage and myeloid suppressor cell infiltration which are known to contribute to disease pathology [33, 37] . Also, the inflammation in the live infection is strikingly more focal than with LPS treatment, suggestive of a reaction to the direct invasion of the Salmonellae into some acinar cells [34] .
Induction of an inflammatory response is critical to disease establishment. However, Salmonella invasion of acinar cells can potentially activate some of the epithelial responses associated with other experimental pancreatitis models. Salmonella infection induces activation of a process known as 'xenophagy' in which the autophagic response is brought to bear to destroy the pathogen [38] . p62 assembles on the microbes to direct them to the autophagosome. This response involves the phosphorylation of p62 and the induction of nuclear factor erythroid 2-related factor 2 (Nrf2), an indicator of oxidative stress. Thus, bacterial invasion of the acinar cells is capable of evoking a cell autonomous response similar to what is found in more reductive models of pancreatitis. It will be interesting to examine if Salmonella infection also induces an impaired autophagic flux in acinar cells together with stress and other proinflammatory pathways.
CONCLUSION
Acute pancreatitis is strongly associated with the activation of the proinflammatory NFkB pathway [21] , often through activation of TLR4 on both inflammatory and acinar cells, in collaboration with cellular stress and a defective autophagic flux in the acinar cells. Systemic TLR4 activation by LPS is sufficient to induce an inflammatory response that includes extensive infiltration into the pancreas, but not sufficient to induce the acinar cell stress responses that are equally complicit in disease pathology [34] . However, targeting TLR4 activity is emerging as a very effective method of ameliorating pancreas damage even after disease onset [28, 33] , suggesting that, even though its activation is not sufficient to induce pancreatitis, it is necessary.
Coxsackievirus has long been known to be an infectious agent that, by itself, is capable of inducing pancreatitis in patients and animal models, in part because of its direct infection of the pancreatic cells [39] . Consistent with other pancreatitis models, coxsakievirus infection induces autophagy within the cells the virus infects [40] . Now we know that Salmonella infection is capable of direct invasion of pancreas cells and capable of inducing a pancreatitis response. Future studies will determine whether Salmonella-induced xenophagy is also required for pancreatitis onset or whether inflammatory cells attacking the infected acinar cells is sufficient to produce sufficient cellular stress. Doubtless, the last year has left us with intriguing questions regarding the disease of acute pancreatitis. For instance, does blocking the inflammatory responses with lactate or CORM-2 also ameliorate the defective autophagic flux in the models tested? Can restoration of normal autophagic flux restore tissue homeostasis? Do gallstones contribute to recurrent pancreatitis by harboring a persistent Salmonella infection? Does antibiotic therapy fully resolve Salmonella-induced disease after it is initiated? Answering these questions will guide us down an intriguing path to understand how inflammatory and autophagy signaling conspire to determine the fate of pancreatitis and how we may be able to effectively break up this conspiracy.
